The regulation of enzyme activity by reversible covalent phosphorylation has been reviewed by Krebs & Beavo (1979) . Although this mechanism of modulating the catalytic activity of enzymes is well known in many eukaryotic systems, it has been reported only recently in bacteria. At this time, NADP:isocitrate dehydrogenase (EC 1.1.1.42 ) is the only one of several phosphorylated bacterial proteins which has been identified.
Studies on the phosphorylation of isocitrate dehydrogenase in bacteria have evolved from the earlier observations that, under appropriate cultural conditions, the activity of isocitrate dehydrogenase in Escherichia coli, and in other microorganisms, falls dramatically when the cultures enter the stationary phase of growth and subsequently increases to nearly the original value (Holms & Bennett, 1971 : Bennett & Holms, 1975 . It was later found in our laboratory that the enzyme became phosphorylated concomitant with this decrease in activity (Hy et al., 1978; Garnak & Reeves, 1979a,b,c) . In the present paper we describe recent studies on the phosphorylation of the enzyme in viuo and in vitro, and the nature of the phosphoprotein.
Assay for the phosphorylation of isocitrate dehydrogenase in vitro
Earlier studies in our laboratory and another had shown that in E. coli (Hy et al., 1978; Garnak & Reeves, 1979a .b.c: Manai & Cozzone, 1979 , as well as in Salmonella typhimurium (Wang & Koshland, 1978, 198 l ) , several phosphorylated proteins could be detected on SDS*/polyacrylamide gels when using extracts obtained from cells after culture of the organisms under appropriate growth conditions in medium containing I 32Plorthophosphate.
An assay in uitro, specific for determining the phosphorylation of isocitrate dehydrogenase by [y-32PIATP, has been developed which utilizes immunoglobulin G obtained from rabbits immunized against highly purified E. coli isocitrate dehydrogenase. By using this assay, the phosphorylation of isocitrate dehydrogenase has been shown to be proportional to incubation time and to the amount of extract added to the reaction mixture. The reaction was also demonstrated to have a requirement for Mg2+. When samples of the reaction mixture were examined by SDS/polyacrylamide-gel electrophoresis and subsequent autoradiography, only one protein, corresponding to isocitrate dehydrogenase, was found to be radioactive.
Non-involvement of cyclic A M P
The phosphorylation of NADP : isocitrate dehydrogenase in E. coli has been demonstrated previously both in vitro and in uivo by using [ F~~P I A T P and [32P]orthophosphate respectively (Hy et al., 1978 : Garnak & Reeves, 1979a . More recent experiments were conducted with a wild-type E. coli, strain K 12, and the adenylate cyclase deletion mutant. KC-13 (Klein et al., 1980) . derived from this K12 parent. The mutant was kindly provided by Dr. E. L. Kline of Clemson University, Clemson, SC, U.S.A.
In the studies in vitro, the inclusion of cyclic AMP at concentrations up to 1 0 0 ,~~ in the reaction mixture neither increased nor decreased the incorporation of 32P from (7-'*PIATP into isocitrate dehydrogenase. Higher concentrations of cyclic AMP have been found to be inhibitory in several other protein kinase reactions, and were therefore not tested. The studies with the adenylate cyclase mutant corroborated earlier Abbreviation: SDS, sodium dodecyl sulphate.
VOl. 10 studies in vitro that we had reported using the wild-type parent. strain K12 (Hy et al., 1978) . Those earlier studies were never considered to be definitive, however. because of the possibility that the extracts may have contained a phosphodiesterase that could have masked any cyclic AMP requirement.
Both E. coli strains K 1 2 and KC13 were able to grow in a mineral-salts medium containing glucose as the sole carbon source. When the cells from such cultures were harvested. washed and resuspended in a low-phosphate medium containing 25 mwacetate and [32Plorthophosphate, the activity of isocitrate dehydrogenase fell rapidly. concomitantly with the phosphorylation of the enzyme. Thus cyclic AMP is clearly not involved in the synthesis of the protein catalysing the reaction between ATP and isocitrate dehydrogenase to form the phosphorylated enzyme.
The ATP-dependent phosphorylation of isocitrate dehydrogenase in vitro in extracts obtained from Salmonella typphimurium has also been reported to occur independent of cyclic AMP (Wang & Koshland, 1981) . In contrast with E. co/i. however, it has been reported that in S. t.vphimurium mutants that lack adenylate cyclase, isocitrate dehydrogenase is not phosphorylated in vivo unless the growth medium is supplemented with cyclic AMP. On the basis of these observations. it was concluded that a protein component required for the phosphorylation of isocitrate dehydrogenase is not synthesized in these mutants of S. t.vphimurium.
Enzyme purification emplo-ving a stabilized immunoabsorbent
Rabbit immunoglobulin raised against E. coli isocitrate dehydrogenase reacted with agarose-bound Protein A to form an antigen-antobody complex which was then cross-linked with the bifunctional cross-linking reagent, dimethyl suberimidate. This cross-linked complex bound 32P-labelled isocitrate dehydrogenase present in a partially purified crude sonic extract, which was subsequently eluted from the immunoabsorbent with 4 M-guanidine hydrochloride. The enzyme was shown to be electrophoretically homogeneous when examined by SDS/ polyacrylamide-gel electrophoresis and subsequent autoradiography .
This procedure permits the purification of isocitrate dehydrogenase from milligram quantities of cells. The immunoaffinity column has been used for over 1 year in our laboratory with no detectable loss of binding capacity.
Peptide studies with 32P-labelled isocitraie deh-vdrogenase
Purified 32P-labelled isocitrate dehydrogenase was incubated at 37OC with either trypsin or chymotrypsin at a 50 : 1 (w/w) ratio for times ranging up to 32min. The digested enzyme was then examined by SDS/polyacrylamide-gel electrophoresis and isoelectric-focusing gels containing 6 M-urea. The gels were then dried, and examined by autoradiography (Malloy et al., 198 1) .
When examined in the SDS/polyacrylamide-gel system. after digestion with either trypsin or chymotrypsin, a decreasing number of radioactive peptides were observed corresponding to increasing digestion times. Digestion was judged to be complete after 16min, when only one radioactive peptide could be detected on the SDS/pol yacrylamide-gels. The peptide obtained after trypsin digestion had mol.wt. approx. 3500, and that resulting after chymotrypsin digestion had mol.wt. approx.
3200.
The peptides, which appeared to be homogeneous on the SDS/polyacrylamide-gels, were also examined by isoelectric focusing. The focusing gels contained 6 M-urea and ampholytes which covered the range pH 3-10. After isoelectric focusing. the gels were dried and examined by autoradiography. The results obtained corroborated those obtained by SDS/polyacrylamidegel electrophoresis: only one 32P-labelled peptide resulted from BIOCHEMICAL SOCIETY TRANSACTIONS the digestion of 32P-labelled isocitrate dehydrogenase with either trypsin or chymotrypsin.
Most studies of the role of covalent modification in enzyme regulation have centred on the reversible interconversion between active and inactive (or less active) forms of target enzymes. Interconversion is generally catalysed by modifying enzymes, which are themselves subject to metabolic regulation. In this paper we shall consider an instance in which chemical changes in the target enzyme render it susceptible to proteolytic degradation. Such mechanisms may prove to be quite common. If so, they would provide an attractive explanation for the selectivity and regulability that is characteristic of numerous instances of enzyme degradation in micro-organisms (Switzer. 1977 ).
The specific instance described here is the oxidative inactivation and degradation in starving Bacillus subtilis cells of glutamine:5-phosphoribosyl 1-pyrophosphate amidotransferase (amidophosphoribosyltransferase: EC 2.4.2.14). which is the first enzyme of purine nucleotide biosynthesis. This amidotransferase is one of several biosynthetic enzymes that disappear during sporulation (Maurizi & Switzer. 1980) . Presumably, loss of these enzymes commits the sporulating cell to synthesize any new RNA and protein at the expense of RNA and protein of the vegetative cell. Inactivation of amidotransferase in uiuo is initiated by exhaustion of the carbon source (usually glucose), nitrogen source. or a required amino acid in an auxotrophic strain (Turnbough & Switzer. 1975~). Deprivation of the culture of oxygen prevents this inactivation. This effect is due to a direct involvement of oxygen itself. because inhibition of energy-yielding metabolism does not block the inactivation. We have shown by immunoprecipitation of aminotransferase after transfer of growing cells from radioactive to non-radioactive medium that the enzyme is completely stable in the presence of oxygen in growing cells. The enzyme first becomes unstable in the stationary phase. This result indicates that the oxygen-dependent inactivation of amidotransferase is regulated by the cells' metabolism.
The chemical nature of oxygen-dependent inactivation of amidotransferase was clarified by the discovery that the enzyme is also labile to oxygen in cell-free extracts (Turnbough & Switzer, 1979) . The same is true of the homogeneous enzyme. Thus, inactivation results from a direct reaction of oxygen with the enzyme: no inactivating enzyme appears to be involved (Switzer et al., 1979) . Pure amidotransferase is a brown protein indicates that no other residues are oxidized (Bernlohr & Switzer, 198 1) . Inactivation is quantitatively linked to partial bleaching of the chromophore associated with the Fe-S centre, and oxidation of Fe2+ and S2-in the enzyme (Switzer et al.. 1979) . Oxidation does not result from disulphide-bond formation, nor is it prevented by reducing agents or thiols (Bernlohr & Switzer, 1981) . Oxidation of the Fe-S centre in amidotransferase results in marked changes in the protein, as shown by changes in its circular-dichroic spectrum and by its lower solubility (Bernlohr & Switzer, 198 1). The oxidized enzyme is much more susceptible to proteolysis by trypsin or subtilisin than the native enzyme. These changes are summarized schematically in Fig. 1 . We propose that the inactivation of amidotransferase in vivo is a similar process, and that the changes brought about by oxidation render the protein susceptible to intracellular degradation.
Since amidotransferase is stable to oxygen in growing cells. how is the inactivation regulated? An answer may be provided by an observation that the rate of oxygen-dependent inactivation is strongly affected by the substrates and allosteric effectors of the enzyme (Bernlohr & Switzer, 1981) . Studies with the purified enzyme showed that the enzyme is stabilized by the combined presence of its substrates 5-phosphoribosyl 1 -pyrophosphate and glutamine. This -i s of particular interest, 
